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RADIOWAVES

methodispresentedfordeterminingtherateofrolloffree-
aerodynamicmodelsby meansofpolarizedradiowaves.A dis-

cussionofthetechniqueusedanda descriptionoftheequipmentare
included.Thediscussionshowsthatthroughtheuseofthistechnique
thedirectionofroll,aswellas zeroroll,isuniquelydetermined.
Analysisof thedataobtainedandUta accuracyarediscussed&d
examplesaregivento showhowtherecord-reductionmethodaffectsthe
accuracyofthedata. Inconclusion,a methodforincreasingthe
accuracyandreducingwork-upeffortisdiscussed.

INTRODUCTION
.

TheNationalAdvisoryCommitteeforAeronauticshasadoptedan
aerodynamicresearchtechnique,forinvestigationsinthesupersonic
speedrange,whichutilizesfree-flightrocket-poweredaerodynamictest
vehicles.h someoftheinvestigationsconductedby thismethod,such
asthosefordeterminingcontroleffectiveness,somemeansformeasuring“
therateof rollofthemodelinflightwasrequired.Existingmethods
ofmeasuringspin,suchasusedfordeterminationsof artillery-shell
spindecay(reference1)werenotsuitable.Excessiveerrorswhenthe
rateofrollislowsndthesngulsraccelerationhighsnd~biguities“
whichoccurwhenrollchsngesdirectionmadethedevelopmentof a new
techniquenecessary.

Thispaperdiscussesa measurementtechniquewhichws derivedfrcm
thefactthatthevoltageinducedby a polsrizedradiowaveina receiving
dipole,paralleltothearrivingwavefront,isproportionalto the
cosineoftheanglewhichtheplaneofpolarizationmakeswiththedipole.
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DESCRIPTIONOFTECHNIQUE

Considerationofthispolarizationeffectmadeit”appearfeasible
to installa continuous-waveradiotransmitterinanairbornebodyand
recordthechangeinreceivedsignalstrengthwiththeaidofan
amplitudedetector.Thus,as thebodyrotatedaboutan axisthrough
theantennaandtheaircraft-thedetectedsignalwouldserveasa
measureofangulardisplacement.However,considerationof theprinciples
involvedmadeit apparentthatdeterminationofthedirectionof--roll
wasnot-possibleand,ifthevehiclestoppe&rolling,no usabledata
wereobtained.Thisdifficultywasovercomeandthetechniquemade
usefulby theadditionofa rotatingantennaat thegroundreceiving
station.Thereceivingantenna was rotatedata constantspeedsothat
iftherateofrollwerezero,thefundamentalrecordedfrequencywas
equalto twicetheantennarotationalfrequencybecausetheantenna
linedupwiththepolarizationplanetwiceperrevolution.Iftheroll
wereoppositeindirectionto theantennarotation,therecordedfre-
quencyincreasedand,ifitwereinthesamedirection,it-decreased.

Bestresultsareobtainedwhenthepropagatedwavearrivesatthe
receivingantennawithuniformfielddistributionandwhentheantenna
rotatesina planewhich’isparallelto thewavefrontofthearriving
field.Itwasfoundthat-thesespecificationsaremorenearlyrealized
whenthevehicleislaunchedata highangleofelevation,froma site
as closelyadjacentitdtheantennapositflonaspracticablypossibleand
therotatingantenna,inturn,isaimedsothattherotationplaneis
approximatelyperpendicularto theflightpath,

Firingthetestvehicleathighanglesofelevationaccomplishes
twodesirableeffects:First,thevehiclerapidlyleavestheinfluence
oftheearth,fromthestandpointofradio-wavepropagation;thus,the
wavefrontarrivingattheantennabecomesa closerapproximationtoone
infreespace,Second,thetrajectcm’ymore nearlyapproachesa stra@t-
lineflight-~thduringthefirstpartoftheflight-sothatthewave-
frontorientationremainsapproxtiatelyparallelto theplaneofantenna
rotation.Failureto observetheseprecautionsresultsinseriouswave-
formdistortionof therecordedrollsignal.

~SCKCPTIONOFEQUIPMENT

AirborneUnit

Theaerodynamicmodeldesignrequirementsincludedtheinstallation ●

ofa light-weight,continuous-wavetransmitter.Thetransmitter
employed(fig.1) isessentiallythesameasthesplnsondedevelopedat the

v
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AppliedPhysicsLaboratoryforballisticspinmeasurements.Thisunit
ismadea completenoseassembly(fig.2)by ‘rpottingrlit ina plastic
dielectricin such.amannerthatthemetalfairingandtipareintegral ‘
withthepottingmaterial.Thecompleteassemblyofa typicalroll
researchmodelis showninfigure3.

Radiationof radio-frequencyener~ takesplaceat approximately
1.60megacyclesby mems oftheV-shapeconductorswhichalsoserveas
theresonantcircuitofthetransmitter.Theradiationof interestis
alongtherollsxisina rearwarddirection.Thefieldstrengthas
foundfromradiationpatternsprovedtobe essentiallyuniformovera
widesolidangleinthisregion.b addition,thisradiationis
essentiallyplane-polarizedalongtherollaxis.

GroundEquipment

Therotatingantennaandreceivingstationsreshowninfiguresk
and5. Thereceivingdipoleis imbeddedina streamlinewoodenfairing
toreduceaerodynamicdrag. Therotatingdriveshsftis smooth-~-
boredandsilver-platedontheinnersurface.A centerconductoris
supportedinthecenteroftheshaftwithsoliddielectricsothatthe
shaftservesasa cosxialtransmissiofilinefromthedipoleto station-
arybrushes.Thecenterconductoris cutsothattheantennaimpedance
isproperlymatched.The,antennaisdrivenmechanitiyat 3k50rpm
bymeansofan inductionmotorthrougha suitablegearbox. The
assemblycanbe aimedmanuallyandlockedatanydesiredangleof
elevationandazimuth,thisfeatureoftheover-allinstrumentation
systembeingverydesirable.

Thereceivingstation(fig.5) consistsprimarilyofa suitable
VHFreceiverandoscillographrecorderwithassociatedelectronic
circuitsandpowersuppliesnecessaryfortheproperoperationof the
system.

es

Es(t)

A

K

Nr .

SYMBOLS

instantaneousmodulationvoltage

peakamplitudeofmodulationwaveformasa functionoftime

absoluteerrorsinquantityitprecedes

constant(1,2, 3 . . .)

numberof cylesofrelativerolJsignalduringa time
intervaltr
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numberofimissilerotationsduringa t= intervaltr

numberofantennarotationsduringtimeintervaltr

tim&interval(increment)for Nr cycles,seconds

maximumrelat-iveerrorinangularvelocityofmissile

relativeangularvelocityof
persecond(K(~ - ~))

angularvelocityofvehicle,

angularvelocityofantenna,

detectedrollsignal,radians

radianspersecond

radianspersecond

angularvelocityofvehiclerelativetoantenna,radians
persecond(~ -~)

ANALYSIS

General

.

.

.

.

Aspointedoutintheintroduction,theradio-frequencys@nal
receiwedonthegroundbecomesamplitudemodulatedby theangular
rotationof thepolarizedwaverelativetothereceivingdipoleantenna.
Thismodulationwaveformmaybe expressedforpurposesofanalysisby
theseriesequation

es= Es(t)
[(
:1+; -Cosmst - ~15 cos~t+ . . .

j
(1)

whereus istheangularvelocityoftheaeroeic modelrelativeto
therotatingantennaand Es(t) isthepeaksmplitudewhichisexpressed
asa functionofthe toaccountforchangeswithtimedueto variations
infieldstrength,receivergain,andotherpertinentfactors.

Expression(1)maybevisualizedasa full-wave-rectifiedsinewave
ofvaryingamplitude;therefore,ifithiswaveformispassedthrougha
band-passfilter,sothat-thefundamentalisretained,itwillhavean
angularrate ~ equaltotwicetheangularrateofthemodelwith
respect-totheantennaus. Thefrequencyoftherelativerollsignal
hasthusbeenmultipliedby a factorof two.

.

A samplepartofa recordis showninfigure6 andthevarious
signals.appearingareidentifiedthereon.Therelativerollsignal
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marked“second-detectoroutputf~showsverygoodcorrelationwithequa-
tion(1)

(a)

(b)

(c)

(d)

whenconsiderationisgivento suchfactorsas:

Departureofwavefromplanepolarization

Multiplepathreflections

Noise

Departureofwave-frontplane,fromantennaplane

Thepeaksofthiswavenearesttheedgeoftherecordoccurredwhenthe
antennaandpolarizedfieldwereinalinementandtheoppositepeaks
occurredwhentheywereinquadrature.

Thesae relativerollsignalafterbeingamplifiedandfiltered
isalsoseeninfigure6. Thereductionofnoisewhichisapparent
becomesmoreimportantwhenthesignal-to-noiseratiointhesecond-
detectoroutputisverylow. Thepresenceofa phaseshiftisnoticeable
butisunimportantbecauseitremainsessentiallyconstant.

A positivepipisrecordedeachtimetheantennamakesa revolution,
as shownintheantenna-positionsigual.(fig.6), toprovidethetime
liistoryofangulardisplacementoftheantenna.Thistimehistoryis
neededinorderthatthevehiclerollcanbe determinedfromthe
relativeroJ1.

DataReduction

Therecord(fig.6) isa timehistoryofangulardisplacementof
thetestvehiclewithrespecttotherotatingantenna.Inorderto
convertthisdataintorateofroll,a numerical.differentiationmust
beperformedina mannerthatremovestheantennaangularvelocityfrom
therelativeroll.Displacementdifferentiation,ingeneral}consists
oftakingratiosof smslldisplacementincrementstothecorresponding
timeintervals;angularvelocitythusobtainedis subjecttoallerrors
attendsmtuponsucha procedure,suchas errorsindisplacement-interval
measurementandthe-intervaldetermination.

An evaluationof
firstconsideringthe

theseangular-displacementerrorscanbemadeby
relationship

%“ 2fiNa 2YrNr
%=~-y’T-_” Ktr (2)

r“

where K isusedtoaccountforanyelectronicmultiplicationofthe
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recorded-roll-signslfrequency,% is
radianspersecond,@ isthevehicle
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theantennaangularvelocityin
rate–otiollinradiansper

second,=d q iStherelativeangularvelocityinradianspersecond.
Ifno otherelectronicmultiplicationisperformed,K = 2 as in
equation(l). Takingthetotaldifferentialof equation(2)and
dividingby ~ givesthefollowingexpressionfortherelativeerror:

(3)

Thus}~m,definedasthemaximumrelativeerror,arisesfromthree
sources,thefirsttwoofwhicharisefromdisplacementsandtheother,
fromttieasfollows:

(a)

(b)

(c)

The
of.these

Errorindeterminingthe
cyclesANr

Errorindeterminingthe
ant-ennarotationANa

Errorindeterminingthe

methodofdatareduction
threesourcesoferror.

incrementinnumberofrelative
.

incrementinnumberof~yclesof

incrementint-tieAtr

hasbeenfoundtoaffectthemagnitude
Forexample,considerthefollowing

record-reductionmethods:

Data-reductionmethodl.-Briefly,method1 consistsof calculating
therelativeandantennaangularvelocitiesseparatelyandthen
obtainingthevehiclerollvelocityfromthemas follows:

1.Readf~omrecordandtabulate:

(a)

(b)

(c)

(d)

Relative-angular-displacementincrementsNr}inwhole
numbersof

Corresponding

Corresponding

Totalelapsed

cycles

timeintervalstr by interpolation

numbersofantennarevolutionsNa

timeto centerofeachdisplacementincrement

2. Calculatetherelative
readingsby theequation

angularvelocity~ foreachsetof

2fiNr
*=T

r

.

.

.
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3. Calculatethecorrespondingvaluesof theantennaangular-
velocityby theequation

2fiNa
%=~ r

4.Obtainvaluesof rateofroll,forplottingagainstelapsed
time,by equation(2):

%
%=%-~

Data-reductionmethod2.-Method2 consistsof firstobtainingthe
vehicleangulardisplacementfromtherelativeandantennadisplacements
andthencalculatingtherateof roll. Thedisplacementdetermination-
s madesothatant&nadisplacementisa absoiute
negligibleerror.Thestepstobe followedinthis
follows:

1.Readfromrecordandtabulate:

(a)

(b)

(c)

(d)

quantitywith
method

NumbersofantennarevolutionsNa inwhole
of cycles

CorrespondingnumbersofrelativecyclesNr
interpolation .

Correspondingthe intervalstr by

Totalelapsedtimeto centerofeach

2.Determinetherolldisplacementincrements

areas

numbers

by

interpolation

displacementincrement

by therelation

3. Obtainvaluesofrateof roll,forplottingagainstelapsed
t5me,by theequation

21rN&
~.~
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Comparisonof%ethods1 and2.-Forcomparisonofthesetwomethods,
carefulexaminationsofanactualrecordweremadeandtheabsolute
errorsestimatedas showninthefollowingtable:

4 r

Reductionmethod ANa Atr
(c$%es) (cycles) (see)

1 1/25 1/45“ 0.0005

2 3/50 Negligible .0005

TheCpa?ltity ANr showsan increaseinmethod2 overmethod1 primarily
duetothenecessityof interpolatingbetweencycles.Inbothmethods,
1/50ofa cycleisthequantityassignedto theuncertaintyofdeter-
miningthepositionofa peakintherelativerollsignal.Theabsolute
errorANa isintroducedby interpolationbetweenpips,inmethod1,
whichbecomesnegligibleinthesecondmethodifreasonablecareis
taken,Thesevaluesarefora particularsetof conditionsandare
givenforcomparisonpurposesonly. Theyaredependentsomewhatupon ~
andrecordingfilms~eed.

Byuseofthequantitiesinthetableandequation(3),theerrors
ofthetwomethodsofreductionarecomparedinfigure7 fora constant-
timeintervalof0.1second.(Inpractice,thistimeintervalshould
be aslargeaspossibleconsistentwithangularacceleration.) These
curvesshowgoodcorrelationwithresultsobtainedfromtheworkup of
actualrecords.Theyarecorrectforbothpositiveandnegative
directionsofmissilerotationandno ambiguityexistsprovidedthe
sntennarotationalfrequencyisalwaysgreaterthanthemissilerolling
frequency.

DISCUSSION

Equation(3)suggestsseveralmethods
rolldatasecured,asthequantitieswhich

forimprovingtherate-of-
arecontrollable,K,G,

and W, maypossiblybe v&riedinsucha mannerthatthet&al-er~or
isminimized.

Whenthevehicleisrollingat anextremelylowrate,itis
necessarytorotatetheantennaat suchspeedthattheinstantaneous
rollvelocityis securedmorefrequentlythantwiceperrevolution.The
minimumantennarotationvelocityisdeterminedthenbytheangular
accelerationsofthevehicleatlowrollingvelociky.As Indicatedin
equation(3),however,increasingantennavelocityto greaterandgreater

.

.

.
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valueshaslittleorno effectontheattainableaccuracy.Onemethd
OfeliminatingAllaerrorsconsistsindrivingtheantennawitha
synchronouspowersupplyinwhichcaseerrorsindeterminingautenna
speedcanbemadenegligible.

If K ismadeverylargeby electronicmultiplicationofthe
relativerollsignal,thefirstterminequation(3)becomescorre-
spondinglysmall.It isfeasiblethento increaseK untiltheerror
inreadingportionsofa cycleANr becomesinverselyproportionalto
therelativerollfrequencyasa resultoflimitationsinrecording
fiknspeeds.Largervaluesof K willnot,then,resultinanyfurther
increaseinaccuracyunlesstherecordedrelativefrequencyisdecreased
by electronicsubtractionofa multipleoftheantennarotational
frequency.

A methodoffurtherincreasingover-allaccuracyandreducingwork-
up the istoperformalltherequiredsubtractionsanddifferentiations
electronically.It is~ssibleto selectantenna.rotationalspeedssmd
multiplierratiossuchthatthefrequencycorrespondingto a givenrate
ofrollappearsasa frequencydeviation,saywithin*1OOOcyclesper

. second,ona carrierfrequencybetween100kilocyclesand200kilocycles.
Thissignalcanthenbe electronicallyanalyzedforfrequencydeviation
by a frequencydiscriminator.Thefinalresultwillbe a directcurrent,

% whichisproportionalto thefrequencydeviation,capableofbeing
recordedon a galvanometerstypeof oscillographrecorder.

Thus,thefinalsubtractionoftheremainingcarrierisaccomplished
simultaneouslywith.electronicdifferentiationof ro~ displacement.The
gslvanometerdeflectionfroma reference,then,willbe directly
proportionalto rollingvelocity.By recordingthisdeflectionona
suitablestripchartwithappropriatetimingnlarks,a timehistoryofthe
instantaneousvaluesofrollingvelocitywillbe obtained.Recent
developmentshaveindicatedthatthisapproachispracticable.

LangleyAeronautical.Laboratory
National.AdvisoryCommitteeforAeronautics

LangleyAirForceBase,Vs.,November14,1949
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Figure40- Rotatingantenna.
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Figure5.-Receivingstationandrecorder.
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